Context: In healthy subjects and in patients with primary hyperparathyroidism (PH), the administration of a low dose of 25(OH)D (25 mg/day) increases the serum levels of both 25(OH)D and 1,25(OH) 2 D. It is unknown whether this relationship is present in patients affected by familial benign hypocalciuric hypercalcemia (FBH). Objective: To evaluate the different vitamin D substrate-product relationship after oral vitamin D supplementation in familial benign hypercalcemia, PH, and healthy controls. Design: We evaluated the main physiological regulators of 1a-hydroxylase and the substrate-product relationship of 25(OH)D and 1,25(OH) 2 D in 20 patients with PH, 25 with FBH, and 122 healthy sex-and age-matched controls before and after administration of 25(OH)D for 2 weeks. Results: 25(OH)D increased significantly in all subjects, whereas 1,25(OH) 2 D serum levels increased significantly in PH patients and healthy controls but not in patients with FBH. Therefore, a significant positive substrate-product relationship of 25(OH)D-1,25(OH) 2 D was found in PH and healthy controls, but not in FBH. Monomeric calcitonin (hCT-M) was significantly lower at baseline and after 25(OH)D supplementation in the FBH group compared with the other two groups. Conclusions: The lack of 1,25(OH) 2 D increase in FBH may be due to a direct inhibitory effect on 1a-hydroxylase of hypercalcemia per se, increased metabolic clearance of 1,25(OH) 2 D, or a decreased stimulus of 1a-hydroxylase related to persistently low levels of hCT.
Introduction
The vitamin D metabolism is the result of a complex multifactorial control mechanism, and some evidence of a substrate-product relationship between 25(OH)D and 1,25(OH) 2 D (1-3) exists. Chronic administration of 1,25(OH) 2 D increases the metabolic clearance rate of 25(OH)D (4, 5) or decreases its production (6) with consequent depletion of stored 25(OH)D. On the other hand, the administration of elevated doses of vitamin D or 25(OH)D increases the metabolic clearance rate of 1,25(OH) 2 D (7) . This might explain the failure to observe elevations in 1,25(OH) 2 D after high doses of 25(OH)D (5) (6) (7) .
In healthy subjects, the administration of 25(OH)D at a low dose (25 mg) produces an increase in 25(OH)D serum levels within the normal range (below 120 ng/ml) and an increase in 1,25(OH) 2 D (2, 8) . Similarly, exogenous administration of 25(OH)D in patients affected by primary hyperparathyroidism (PH) is followed by an increase in serum levels of 1,25(OH) 2 D, suggesting a substrate-product relationship in these subjects (9) . By contrast, monitoring of 1,25(OH) 2 D serum levels after administration of 25(OH)D in patients affected by familial benign hypocalciuric hypercalcemia (FBH) has never been performed.
FBH is a rare, benign cause of hypercalcemia, characterized by autosomal-dominant inheritance with high penetrance (10, 11) . Affected heterozygous patients typically present with the incidental discovery of hypercalcemia, hypocalciuria, inappropriately normal or only slightly elevated PTH, and, in some subjects, mild-to-moderate hypermagnesemia (10) (11) (12) (13) . Moreover, decreased serum levels of monomeric calcitonin (hCT) in basal conditions and after oral calcium stimulation have been found in these patients (14) . FBH is typically caused by inactivating mutations of the calcium-sensing receptor (CASR) gene, resulting in inappropriate secretion of PTH and in a markedly enhanced resorption of urinary calcium through mechanisms that are both dependent on and independent of PTH (10) (11) (12) (13) (15) (16) (17) (18) (19) (20) . Multiple comparisons between serum concentrations of 1,25(OH) 2 D in FBH and PH patients at basal conditions have been performed (20) (21) (22) (23) (24) . The results showed similar (21, 22) or significantly lower serum levels of 1,25(OH) 2 D in FBH patients compared with PH patients (20, 23, 24) .
The aim of this study was to evaluate the substrateproduct relationship of 25(OH)D and 1,25(OH) 2 D in PH patients, FBH patients, and healthy subjects after oral administration of 25(OH)D.
Materials and methods

Population
Nineteen patients with PH and 25 with FBH were recruited among those attending our clinic. Patients with PH were examined before undergoing surgery, which resulted in a histopathological diagnosis of parathyroid adenoma in 17 patients and parathyroid hyperplasia in two patients. FBH was diagnosed based on the presence of hypercalcemia, normal intact PTH, urinary calcium excretion !200 mg/day (5 mmol/day), and a Ca/Cr clearance ratio !0.01. Among the 25 patients with FBH, eight had a heterozygous missense mutation in exon 6 that substitutes a glutamic acid for glycine at codon 557 (Gly557Glu) (16) , two had a P55L mutation (17), 14 had an R648X mutation (18) , and one had a Y218C mutation (19) . None of the FBH and PH patients had any degree of kinship. In addition to the two patient groups, we recruited 122 healthy controls. The inclusion criteria were age !75 years and normal renal function as evaluated by creatinine clearance measured with MDRD formula (25) . The exclusion criteria were concomitant supplementation with calcium and/or vitamin D, renal insufficiency, liver diseases, malabsorption, hypercalciuria, Paget's disease, diabetes mellitus, and any medical treatment that could affect calcium metabolism. Demographical characteristics of patients and controls are resumed in Table 1 .
All study participants signed informed consent forms and the Institutional Review Board approved the study, which was conducted in accordance with the Declaration of Helsinki guidelines. All healthy controls and FBH and PH patients were evaluated at baseline and after 2 weeks of oral administration of 25 mg/day of 25(OH)D (Didrogyl, Bruno Farmaceutici, Milan, Italy) while on an unrestricted calcium diet.
Analytical methods
Blood and urinary calcium, phosphate, and creatinine were measured with the Technicon Autoanalyzer SMA-12/60 (Technicon Instruments Corp., Torrytown, NY, USA). Plasma ionized calcium was measured by StatProfile M Nova (Milan, Italy); serum immunoreactive 1-84 PTH was measured using a Nichols kit (Nichols Institute, San Juan Capistrano, CA, USA). Monomeric calcitonin was assessed as previously 
Results
At baseline, the serum levels of 25(OH)D in the FBH, PH, and control groups were moderately low, with PH patients showing significantly lower levels than healthy controls (Table 1) . After supplementation, the levels increased significantly in all groups, and no meaningful differences were measured among groups. Serum levels of 1,25(OH) 2 D at baseline were significantly higher in PH subjects than in healthy controls and in patients with FBH (Table 1 ). After 2 weeks of 25(OH)D supplementation, the serum 1,25(OH) 2 D level increased significantly in PH patients and healthy controls. By contrast, no increase in 1,25(OH) 2 D levels was observed in FBH patients (Table 1 ). Serum 1,25(OH) 2 D levels were, therefore, significantly different between the three groups.
As expected, PTH serum levels were significantly higher in the PH group than in the FBH and healthy control groups at baseline and after supplementation. However, no meaningful variations were observed in each group before and after treatment.
At baseline and after 25(OH)D supplementation, hCT was significantly lower in FBH patients compared with the other groups (Table 1) .
Ionized calcium levels were significantly different between FBH patients and controls and between PH patients and controls at baseline and after 25(OH)D supplementation, whereas the FBH and PH groups' ionized calcium levels did not differ at any time. Moreover, ionized calcium levels did not change significantly before and after supplementation in each group.
The 24 h urinary calcium levels were significantly different between the three groups, even if the changes after 25(OH)D supplementation were not meaningful.
A significant positive substrate-product relationship of 25(OH)D-1,25(OH) 2 D was found in PH and control subjects both at baseline and after supplementation, as shown in Fig. 1 . No meaningful substrate-product relationship was found in FBH patients before or after 25(OH)D supplementation (Fig. 1) . When we analyzed the delta changes of 25(OH)D versus the corresponding delta changes of 1,25(OH) 2 D in FBH, PH, and controls (Fig. 2) , the slope of the 25(OH)D-1,25(OH) 2 D relationship was higher in PH patients than in controls, whereas no correlation at all was found in the FBH patients. Moreover, no correlation between ionized calcium and either 25(OH)D or 1,25(OH) 2 D was found in the three groups (data not shown).
Discussion
Our data support the hypothesis of a substrate-product relationship of 25(OH)D-1,25(OH) 2 The activity of renal 1a-hydroxylase is under complex regulation by 25(OH)D, PTH, calcitonin (27) , calcium, phosphate, magnesium (28) (29) (30) (31) , and 1,25(OH) 2 D itself (32) . 1a-Hydroxylase has been cloned (33) (34) (35) , and studies of the molecular mechanisms involved in its regulation demonstrated that administration of PTH and calcitonin, restriction of dietary calcium, and vitamin D deficiency are able to increase 1a-hydroxylase mRNA expression. On the other hand, administration of 1,25(OH) 2 D results in a decrease in 1a-hydroxylase expression and prevents the increased expression induced by PTH and calcitonin (36) . In our study, the increased 1a-hydroxylase activity in PH patients could be related to elevated PTH serum levels, as described previously (24) . Low levels of serum phosphate have also been implicated in increased 1a-hydroxylase activity (37) . However, in our study, the serum phosphate levels in PH patients were in the low normal range (Table 1) .
Recently, it has been discovered that fibroblast growth factor-23 (FGF-23) regulates phosphate and vitamin D homeostasis (38) . Phosphate intake and administration of 1,25(OH) 2 D increase circulating FGF-23 levels, whereas FGF-23 suppress circulating 1,25(OH) 2 D, to maintain phosphate and vitamin D homeostasis (39). Berndt et al. (38) have postulated that the main regulator of FGF-23 is phosphate; however, it has been recently demonstrated that serum calcium and PTH are also involved in FGF-23 metabolism (39, 40) . Considering these findings, FGF-23 might have a role in regulating vitamin D metabolism in FBH patients, probably related to the high serum calcium levels found in these patients. In fact, in our study, phosphorus and 1,25(OH) 2 D remained in the normality range at both baseline and after 25(OH)D supplementation.
When extra dosage of 25(OH)D is given to healthy subjects, the increase in 1,25(OH) 2 D and consequent rise in ionized calcium lead to decreased secretion of PTH, which is a regulator of 1a-hydroxylase. In our group of FBH patients, the serum PTH, magnesium, and phosphorus levels were within the normal range, whereas ionized calcium was widely out of range both at baseline and after supplementation. Moreover, after supplementation, even the significant increase in 25(OH)D serum levels did not change the serum 1,25(OH) 2 D levels. This observation could support the hypothesis that 1a-hydroxylase activity or its induction is impaired in FBH patients, or that hypercalcemia in the presence of normal PTH serum levels in FBH could suppress its activity. It is known that FBH is caused by inactivating mutations of the CASR gene and that CASR in the kidney is localized to the distal and collecting tubules but not the proximal tubules, where 1a-hydroxylase is mainly localized (10) (11) (12) (13) . Therefore, hypercalcemia concomitant with normal serum PTH levels may suppress 1a-hydroxylase, regardless of the presence or absence of CASR mutations. Moreover, according to previous works in animal models (41, 42) , there is an enhanced metabolic clearance rate of 1,25(OH) 2 D in the presence of increased serum 24,25(OH) 2 D concentrations, suggesting that serum 24,25(OH) 2 D may further enhance 1,25(OH) 2 D degradation (36) . Moreover, Wilhelm et al. (43, 44) demonstrated that 24,25(OH) 2 D acts as an allosteric effector, diminishing the affinity of 1,25(OH) 2 D for its receptor and possibly enhancing the clearance rate of 1,25(OH) 2 D itself. Interestingly, these data were indirectly confirmed in a young patient with vitamin D-resistant rickets in whom the normalization of 24,25(OH) 2 D serum levels (to the physiological value of 2 ng/ml) brought about a marked and sustained decrease in 1,25(OH) 2 D serum levels (45) . However, because of the high cross-reactivity of the 24,25(OH) 2 D measurement kit with 25(OH)D, we did not measure 24,25(OH) 2 D. Finally, it cannot be excluded that the low levels of hCT found in FBH may play a role in the impairment of 1a-hydroxylase (27) .
The substrate-product relationship between 25(OH)D and 1,25(OH) 2 D has been postulated and investigated in previous studies (1, 2, 4) . Some authors have reported the lack of a significant substrate-product relationship in experimental models (7) . However, in these studies, high doses of 25(OH)D were used, which may have induced an increased clearance rate of 1,25(OH) 2 D to its final products. In experimental rat models, supplementation with lower doses of 25(OH)D produced an increase in serum 1,25(OH) 2 D concentrations, demonstrating a close substrate-product relationship between these vitamin D metabolites (46) . In humans, Need et al. relationship between 25(OH)D and 1,25(OH) 2 D in a large population of postmenopausal women with 25(OH)D levels higher than 40 nmol/l. This positive relationship was subsequently confirmed in postmenopausal women with 25(OH)D levels lower than 40 nmol/l (16.03 mg/dl) (3) . This positive substrateproduct relationship in humans has also been recently confirmed in other works (2, 8, 47) .
Our study has some limitations, the most important of which is the lack of 24,25(OH) 2 D measurements. However, it should be noted that the commercially available RIA kits for 24,25(OH) 2 D have a crossreactivity with 25(OH)D of 100% (48) . This prevented us from finding direct proof of an increased 1,25(OH) 2 D catabolism. Moreover, it is worth mentioning that this has been a short-term study, and lengthy studies are needed to clarify the response of 1,25(OH) 2 D after 25(OH)D treatment in FBH and PH subjects after a longer period, since it is likely that a new steady state has not yet been established after 2 weeks.
In conclusion, this study has been an interesting opportunity to investigate the vitamin D metabolism and in particular the substrate-product relationship between 25(OH)D and 1,25(OH) 2 D in patients with FBH, patients with PH, and healthy subjects. The lack of a 1,25(OH) 2 D increase and a substrate-product relationship in FBH after 25(OH)D supplementation may be due to three possible mechanisms: a direct inhibitory effect on 1a-hydroxylase of hypercalcemia, an increased metabolic clearance of 1,25(OH) 2 D, and a decreased stimulus of 1a-hydroxylase due to persistently lower levels of hCT in FBH patients compared with patients with PH and healthy subjects.
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